Ferulic acid (FA), a naturally occurring polyphenol abundant in vegetables and rice bran, is known to possess a potent antioxidant activity, thereby protecting cells from oxidative stress. In the present study, we show that in addition to its known anti-oxidant activity, ferulic acid exerts substantial inhibitory activity on cellular mammalian target of rapamycin (mTor)-signaling pathways. In HeLa cells and mouse primary hepatocytes cultured with conventional nutrient-rich media, ferulic acid (1 mm) elicited dephosphorylation of S6 kinase and its substrate ribosomal S6. The dephosphorylating activity of ferulic acid was almost comparable to that of rapamycin, an established mTor inhibitor (TORC1). We next investigated the effect of ferulic acid on autophagy, a major cellular degradative process, which significantly contributes to the maintenance of cell homeostasis. Using a conventional green fluorescent protein-microtubule-associated protein IA/IB light chain 3 (GFP-LC3) dot assay to evaluate autophagy flux, we showed that ferulic acid caused a significant increase in GFP-LC3 dots under serum-rich conditions in HeLa cells. The enhancement of autophagic flux by ferulic acid was almost equivalent to that of rapamycin. Furthermore, ferulic acid significantly enhanced autophagic degradation of 14 C-leucine-labeled long-lived proteins of cultured mouse hepatocytes under nutrient-rich conditions, but not nutrient-deprived conditions. These results indicate that ferulic acid is almost the equivalent of rapamycin in the ability to inhibit mTor (TORC1), which makes it a potent activator of basal autophagy.
Ferulic acid [(E)-3-(4-hydroxy-3-methoxy-phenyl) prop-2-enoic acid] (FA) is a polyphenolic compound abundant in vegetables, and in particular, artichokes, eggplant, and rice bran. 1) Because polyphenols are known to possess potent antioxidant activity, they have been widely used for the prevention of reactive oxygen species (ROS)-related diseases such as cancer, neurodegenerative and inflammatory diseases. As is the case with other polyphenols, FA significantly reduces lipid peroxidation and protein oxidation. 2, 3) Stimulation of phosphatidylinositol 3-kinase (PI3-kinase) and extracellular signal-regulated kinase by FA has been proposed as an underlying mechanism, which eventually causes nuclear factor erythroid 2-related factor 2 nuclear translocation. Through this effect, FA enhances the expression of anti-oxidant enzymes and elevates reduced glutathione levels. 4) Recently, the neuroprotective effect of FA has attracted more attention. Oral pre-administration of FA (ca. 17 mg/ kg per day for 4 weeks) has ameliorated memory deficits in mice caused by intracerebroventicular injection of amyloid beta (Aβ 42 ). 5) Effective suppression of interleukin (IL)-β expression in the hippocampus by FA is thought to exert an anti-inflammatory effect on learning and memory deficits of Aβ 42 -administered mice. 6) In view of these cell-protective roles of FA, we became interested in the possible effect of FA on cellular autophagy. Autophagy is a major cellular degradative pathway via the lysosome that significantly contributes to the maintenance of cell homeostasis by eliminating damaged organelles and misfolded proteins. 7) Autophagy is induced by various stresses, including nutrient starvation, ROS, etc. As FA significantly counteracts oxidative stress, and because autophagy is induced by oxidative stress, we believed it would be interesting to investigate whether FA exerts some additional effect on autophagy. In the present study we extensively examined the effect of FA on autophagy, using a cultured cell system. ; (l-trans-3-ethoxycarbonyloxirane-2-carbonyl)-l-leucine (3-methylbutyl) amide (E64d) and pepstatin A from Peptide Institute (Osaka, Japan); rapamycin from EMD Millipore Corporation (Billerica MA, U.S.A.); and, synthetic FA from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Natural FA purified from Japanese rice bran was donated by Tsuno Rice Fine Chemicals Co., Ltd. (Wakayama, Japan).
MATERIALS AND METhODS

Reagents
Mice C57BL/6J mice were maintained in an environmentally controlled room (lights on 6:00-20:00) for at least two weeks before use in the experiments. All mice were fed a standard pelleted laboratory chow and allowed tap water ad libitum during this period. All animal experiments were approved by the Review Board of the Center for Biomedical Research Resources of Juntendo University.
Antibodies Antibodies raised against ribosomal S6, phosphorylated ribosomal S6 (serine235 and serine236), S6 kinase, phosphorylated S6 kinase (threonine389), and glyceraldehyde 3-phosphate dehydrogenase (GAPDh) were purchased from Cell Signaling Technology (Beverly, MA, U.S.A.). The horseradish peroxidase conjugate of anti-rabbit immunoglobulin G (IgG) (heavy and light chain-specific) was obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, U.S.A.).
Analytical Methods Protein was determined using the BCA protein assay kit according to the manufacturer's protocol. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was performed using a published procedure. 8) Immunoblot analyses were performed as described previously 9) using either SuperSignal West Pico Chemiluminescent Substrate or SuperSignal West Dura Extended Duration Substrate (Pierce) as the substrate for the horseradish peroxidase conjugate of secondary antibodies.
Cell Culture and Immunoblotting Analyses heLa cells and mouse primary hepatocytes, prepared according to the published procedure, 10) were cultured and maintained in DMEM supplemented with 10% FCS (DMEM/10% FCS) and Williams Medium E supplemented with 10% FCS, respectively (Williams E/10% FCS). For immunoblotting, cells grown in 6-cm dishes were incubated for 4 h in the presence of 0.1% dimethylsulfoxide (control), 0.2 µm rapamycin, 0.2 µm WYE-354, or 1 mm FA. The cells were removed from the dishes using cell scrapers and were centrifuged at 800 rpm for 5 min. The pelleted cells were suspended in 20 mm Na-phosphate (ph 7.4)-0.15 m NaCl (phosphate buffered saline (PBS)) containing proteinase inhibitors (Nakalai Tesque), and were lysed by sonication at 0°C for 10 s. The cell lysates were mixed with SDS-PAGE sample buffer, incubated at 100°C in a water bath, and subjected to immunoblotting analyses. In the experiments shown in Fig. 2 , heLa cells grown in 6-cm dishes were washed with PBS and supplemented with Krebs-Ringer bicarbonate buffer (KRB buffer, starvation medium) or KRB buffer containing 10% FCS (serum-supplemented medium). The cells were incubated at 37°C for 4 h in the presence or absence of various inhibitors as described in the legend. Cell lysates were then prepared as described above and subjected to immunoblotting analyses.
Green Fluorescent Protein (GFP)-Microtubule-Associated Protein IA/IB Light Chain 3 (LC3) Dot Assay heLa cells were transfected with pEGFP-LC3 using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Twenty-four hours after transfection, the cells were incubated with serum-supplemented medium (KRB buffer containing 10% FCS), starvation medium (KRB buffer), serum-supplemented medium containing 100 ng/mL rapamycin, or serumsupplemented medium containing 1 mm FA for 2 h in the presence of 10 nm bafilomycin A1. GFP-LC3 puncta formed during 2 h were observed using an OLYMPUS FV1000 confocal microscope.
Protein Degradation Assay Mouse primary hepatocytes grown in 24-well microplates were incubated with Williams E/10% FCS containing [
14 C]-leucine (0.5 µCi/mL) for 22 h to label long-lived proteins. The cells were washed with Williams E/10% FCS containing 2 mm unlabelled leucine and incubated with the medium for 2 h to allow degradation of short-lived proteins and to minimize re-incorporation of labeled leucine released by proteolysis. The cells were then washed with PBS and incubated at 37°C with either KRB buffer containing 2 mm leucine or Williams E/10% FCS in the presence or absence of protease inhibitors. During the next 3 h of the chase period, aliquots of the medium were removed and a one-tenth volume of 100% trichloroacetic acid was added to each aliquot. The mixtures were centrifuged at 12000×g for 5 min, and acid-soluble radioactivity was determined by liquid scintillation counting. At the end of the experiment, the cultures were washed with PBS and 1 mL of cold trichloroacetic acid was added to fix the cellular proteins. The fixed-cell monolayers were washed with trichloroacetic acid and dissolved in 0.5 mL of 1 n NaOh at 37°C. The amount of radioactivity in an aliquot of 1 n NaOh was determined by liquid scintillation counting. Percent protein degradation was calculated using a previously published procedure. 10) Data Analysis Results are presented as the mean± S.D. The statistical difference between two groups was calculated using a Student's t-test. A p value of less than 0.05 denotes the presence of a statistically significant difference.
RESULTS AND DISCUSSION
Activation of mammalian target of rapamycin (mTor) (TORC1 complex) plays a pivotal role in insulin/IGF-I-mediated cell proliferation and protein synthesis. Activated mTor phosphorylates 4E-BP. Phosphorylated 4E-BP in turn causes the activation of cap-dependent translation.
11) Active mTor also phosphorylates S6 kinase, which phosphorylates the ribosomal S6 subunit of the 40S ribosomal particle and thus participates in translational control of 5′ oligopyrimidine tract mRNAs. 12) Meanwhile, the activated TORC1 complex suppresses autophagy by direct binding to the ULK1 complex, an essential complex in the initial step of autophagy. [13] [14] [15] Inactivation of mTor (TORC1) by nutrient starvation or treatment by rapamycin causes dissociation of the ULK1 complex from TORC1, which is essential for autophagy induction, and dephosphorylation of S6 kinase, S6 and 4E-BP. hence, the phosphorylation states of S6 kinase and S6 are useful indicators for the assessment of mTor activity. Figure 1A shows that both S6 kinase and ribosomal S6 of heLa cells under nutrient-rich medium (DMEM/10% FCS) were phosphorylated (lane 1), whereas they were almost completely dephosphorylated in the presence of rapamycin (lane 2), indicating mTor inactivation. Significant dephosphorylation of S6 kinase and S6 was also found in the presence of WYE-354, another mTor inhibitor (lane 3), or 1 mm FA (natural FA for lane 4 and synthetic FA for lane 5). A similar, but much clearer, effect was also confirmed using mouse primary hepatocytes cultured with Williams E/10% FCS (Fig. 1B, lane  3 and lane 4) . There was no significant difference between the effects of natural FA purified from rice bran and synthetic FA. Dephosphorylation of S6 kinase and S6 by FA was detected at 1 mm (Figs. 1A, B) . At range of FA concentrations that was less than 1 mm, the FA effects on ribosomal S6 were significantly diminished (Fig. 1C) . At higher concentrations of FA (>1 mm), it became more difficult to dissolve FA into the culture media. Ferulic acid ethyl ester (FAEE) is reportedly more hydrophobic and more permeant to cell membranes. 16 ) Using FAEE instead of FA, we still confirmed that more than 1 mm FAEE was required for dephosphorylation of S6 kinase and S6 (data not shown). Thus, at least the 4-hydroxy-3-methoxyphenyl moiety of FA is required for its action on S6 kinase and ribosomal S6. Incubation of the cells with FA for 30 min was sufficient for the dephosphorylation of S6 (Fig. 1D) .
In heLa cells, more effective dephosphorylation of S6 kinase and ribosomal S6 by rapamycin and natural FA was observed using a synthetic medium (Fig. 2A) . The cells incubated with KRB buffer containing 10% serum (serumsupplemented medium) showed clear phosphorylation of S6 kinase and S6 (Fig. 2A, lane 1) . Ablation of serum also caused complete dephosphorylation (starvation medium, lane 4). The addition of FA (lane 3) or rapamycin (lane 2) to serum-supplemented medium caused almost complete dephosphorylation of S6 kinase and S6. These data strongly suggest that FA exerts a substantial inhibitory effect on mTor.
We next investigated whether mTor inhibition by FA causes autophagy induction of heLa cells. heLa cells overexpressing GFP-LC3 were incubated with different media in the presence of bafiolomycin A1 for 2 h. As bafilomycin A1 inhibits fusion between autophagosomes and lysosomes, the number of GFP-LC3 dots accumulating during a 2 h incubation in the presence of bafilomycin A1 is parallel to the number of accumulating autophagosomes, i.e., autophagy flux. 17) The heLa cells incubated with serum-supplemented medium showed only a marginal number of GFP-LC3 dots (Fig. 2Ba) . In contrast, the cells incubated with serum-deprived medium showed a significant increase in the number of dots (Fig. 2Bd) . The presence of rapamycin (Fig. 2Bb) or FA (Fig. 2Bc) elicited a significant increase in GFP-LC3 dots. Thus, the data indicate that FA at . Cell lysates (10 µg protein) were then separated by SDS-PAGE using either 10% (for S6 kinase) or 12.5% (for ribosomal S6 and glyceraldehyde 3-phosphate dehydrogenase) polyacrylamide gel, and subjected to immunoblotting analyses using anti-S6 kinase (S6K), anti-phosphorylated S6 kinase (threonine 389) (PS6K), ribosomal S6 (S6), and phosphorylated S6 (serine 235/236) (PS6), and glyceraldehyde 3-phosphate dehydrogenase (GAPDh) antibodies as described in Materials and Methods. (B) Primary mouse hepatocytes were incubated for 4 h with Williams E/10% FCS in the presence of 0.1% dimethylsulfoxide (lane 1, vehicle), 0.2 µm rapamycin (lane 2), natural FA from rice bran (lane 3), and synthetic FA (lane 4). Cell lysates (10 µg protein) were analyzed by immunoblotting using anti-S6 kinase (S6K), anti-phosphorylated S6 kinase (threonine 389) (PS6K), ribosomal S6 (S6), and phosphorylated S6 (serine 235/236) (PS6), and glyceraldehyde 3-phosphate dehydrogenase (GAPDh) antibodies. (C) Primary mouse hepatocytes or heLa cells were incubated for 4 h with either DMEM/10% FCS or Williams E/10% FCS, respectively, in the presence of various concentrations of FA (0-1 mm for hepatocuytes and 0-5 mm for heLa cells). Cell lysates (10 µg protein) were analyzed by immunoblotting using ribosomal S6 (S6), and phosphorylated S6 (serine 235/236) (PS6), and glyceraldehyde 3-phosphate dehydrogenase (GAPDh) antibodies. (D) heLa cells were incubated with DMEM/10% FCS for varied periods (0-4 h) in the presence of 1 mm FA. Cell lysates (5 µg protein) were analyzed by immunoblotting using ribosomal S6 (S6), and phosphorylated S6 (serine 235/236) (PS6), and glyceraldehyde 3-phosphate dehydrogenase (GAPDh) antibodies.
1 mm induces autophagy.
Primary hepatocytes exhibit abundant autophagic activity under nutrient starvation. We determined the effect of FA on the degradation of long-lived proteins of cultured mouse hepatocytes. Under starvation conditions, protein degradation was effectively inhibited with E64d plus pepstatin A (E64d/pepst) and 3-methyladenine (Fig. 3, left half) . Rapamycin, WYE354 and FA had no effect on the degradation of long-lived proteins under starvation conditions (Fig. 3, left half) . however, under nutrient-rich conditions, both rapamycin and FA caused a comparable stimulation of degradation. These data clearly indicate that FA enhances basal autophagic protein degradation through the inhibition of mTor (TORC1). It was noted that the stimulation of basal autophagy by FA occurred at >1 mm. Meanwhile, FA exhibited antioxidant activity at significantly lower concentrations in cell cultures (1-200 µm) . [18] [19] [20] Thus, the inhibition of mTor by FA appeared in a role that was distinct from that of its antioxidant activity. Autophagy significantly contributes to cellular quality control by removing unfolded and denatured proteins. 7) Our results indicate that in addition to the known effects of FA against oxidative stress, the stimulatory effect on autophagy by FA may have additional functional implications in cell-protective roles. Previously, resveratrol, a polyphenol compound abundant in red wine, has been shown to induce autophagy in a beclin-1-independent but mTor-dependent manner. 21) In a similar manner, other polyphenols, such as curcumin and quercetin, reportedly induce autophagy in cancer cells. 22, 23) Our findings seem to consistently support the concept that a stimulatory effect on autophagy is a general characteristic of polyphenols. . Cell lysates (10 µg protein) were separated by SDS-PAGE using either 10% (for S6-kinase) or 12.5% (for ribosomal S6 and glyceraldehyde 3-phosphate dehydrogenase) polyacrylamide gel and subjected to immunoblotting analyses using anti-S6 kinase (S6K), anti-phosphorylated S6 kinase (threonine 389) (P-S6K), ribosomal S6 (S6), and phosphorylated S6 (serine 235/236) (P-S6), and glyceraldehyde 3-phopsphate dehydrogenase (GAPDh). (B) heLa cells overexpressing GFP-LC3 were incubated for 2 h with either KRB buffer supplemented with 10% FCS (serum supplemented medium) (a, b, c) or KRB buffer (starvation medium) (d) in the presence of 10 nm bafilomycin A1. In addition to bafilomycin A1, 100 ng/mL rapamycin (b) or 1 mm FA (c) was added to the medium. After incubation, the cells were fixed and analyzed for GFP-LC3 dots using a confocal fluorescence microscope. Primary mouse hepatocytes were cultured with Williams E/10% FCS containing 14 C-leucine (0.5 µCi/mL) to label long-lived proteins. Twenty-two hours later, the labeling medium was discarded. The cells were washed with PBS and chased for 2 h with Williams E/10% FCS containing unlabeled leucine (2 mm). The cells were washed with PBS and then incubated for 3 h with either starvation medium (KRB buffer containing 2 mm leucine) or nutrient-rich medium (Williams E/10% FCS containing 2 mm leucine). The inhibitors added were: 10 µg/mL E64d pus 10 µg/mL pepstatin and 20 mm Nh 4 Cl (E64d/pepst), 10 mm 3-methyladenine (3-MA), 0.2 µm rapamycin (rapamycin), 0.2 µm WYE-354 (WYE-354), 1 mm FA (ferulic acid). At the end of the incubation, trichloroacetic acid-soluble radioactivity released in the medium and trichloroacetic acid-insoluble radioactivity remaining in the cells were determined separately as described in Materials and Methods. Degradation (% of total), determined in triplicate assay, is expressed as the mean (%)±S.D. Degradation under starvation conditions (left half, grey bars) and under nutrient-rich conditions (right-half, dark bars) is presented. p<0.05, statistically significant differences between control versus rapamycin-treated, and between control versus FA-treated.
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